ABSTRACT One of the main reasons for the current interest in colloidal nanocrystals is their propensity to form superlattices, systems in which (different) nanocrystals are in close contact in a well-ordered three-dimensional (3D) geometry resulting in novel material properties. However, the principles underlying the formation of binary nanocrystal superlattices are not well understood. Here, we present a study of the driving forces for the formation of binary nanocrystal superlattices by comparing the formed structures with full free energy calculations. The nature (metallic or semiconducting) and the size-ratio of the two nanocrystals are varied systematically. With semiconductor nanocrystals, self-organization at high temperature leads to superlattices (AlB 2 , NaZn 13 , MgZn 2 ) in accordance with the phase diagrams for binary hard-sphere mixtures; hence entropy increase is the dominant driving force. A slight change of the conditions results in structures that are energetically stabilized. This study provides rules for the rational design of 3D nanostructured binary semiconductors, materials with promises in thermoelectrics and photovoltaics and which cannot be reached by any other technology.
C olloidal, monolayer-stabilized nanocrystals (NC) can be synthesized with a nearly spherical shape and with a well-defined diameter that does not vary by more than 5% in the sample. Because of their monodisperse size and shape, such NCs show a strong propensity to assemble into NC superlattices. 1 More than a decade ago, the formation of single-component superlattices that consist of CdSe semiconductor NCs was reported. 1 This was followed by the demonstration of binary superlattices, consisting of NCs of different diameters and different nature, that is, semiconductor, metallic, or magnetic. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In such systems, novel collective properties can arise from the (quantum mechanical) interactions between the different components that are in close contact in a three-dimensional (3D) ordered geometry. Some striking examples have already been reported. 3, 4, 14, 15 For instance, a binary superlattice of two types of insulator nanoparticles is found to become conductive due to interparticle charge transfer. 3 Colloidal crystallization is the only method known to date to obtain nanostructured systems with order in three dimensions. However, for further progress in the field of designed nanostructured materials, improved control of nanocolloid crystallization is a key factor.
Apart from the viewpoint of emerging nanomaterials, the formation of (binary) NC superlattices is of strong interest in colloidal science. Nanocrystals have a mass that is about a million times smaller than that of the colloidal particles commonly used in crystallization studies; hence, their thermal velocity is about a factor of thousand higher. This agrees with the fact that nanocolloid crystallization is a relatively fast process, still occurring under (near) equilibrium conditions. While crystallization of micrometer-sized colloids takes days to months, 16 NC superlattices are formed within a few minutes. Fast and reversible crystallization should allow one to study the thermodynamics of NC superlattice formation in a broad parameter range. Although a plethora of NC superlattices have been reported, the principles underlying their formation have not been studied systematically. For instance, attractions as well as entropic factors have been proposed as the driving force behind the formation of binary superlattices 10 but clear rules have not been presented.
In the case of micrometer-sized colloids, the interactions between the particles can be tailored and systems are available that resemble hard spheres. [16] [17] [18] [19] [20] [21] It has been shown that the crystallization of a binary mixture of micrometer-sized colloidal hard spheres is driven only by an increase in entropy. 16, 19, 21 In the case of monolayerstabilized NCs in a good organic solvent, the effective interaction consists to a first approximation of van der Waals attraction between the cores and steric repulsion between the stabilizing ligand molecules. The van der Waals attraction between two semiconductor nanocrystals is weak due to the large center-to-center distance between the NC cores, and is almost completely screened by the steric repulsion (see Supporting Information, Section III). Hence, semiconductor nanocrystals in a good solvent may have an interaction potential resembling that of hard spheres. In contrast, when metal nanocrystals are involved, the van der Waals attrac-tions are stronger and the pair potential exceeds the thermal energy considerably (Supporting Information, Section III).
Here, we present a systematic study of the thermodynamic driving force behind the formation of binary nanocrystal superlattices by comparing the crystal structures formed with phase diagrams obtained for binary mixtures of hard spheres, the free energy being calculated with the Frenkel-Ladd Einstein integration method in computer simulations (see Supporting Information). We have combined two different semiconductor NCs (i.e., PbSe and CdSe NC), as well as a semiconductor NC (PbSe) with metallic gold NCs. We have studied superlattice formation induced by the evaporation of the solvent, that is, by increasing the particle concentration at a controlled and variable temperature. Second, crystallization was initiated by increasing the interaction between the particles by addition of a nonsolvent. The NC size ratio and, in several cases, also the relative particle concentration (composition) in the binary suspensions were varied systematically. Solvent evaporation from mixtures of semiconductor NCs results in superlattices that agree to a large extent with the theoretical phase diagrams of binary hard-sphere mixtures, provided that the temperature is sufficiently high. This is in contrast with the formation of superlattices (i) at lower temperature, (ii) when metallic nanocrystals are involved, or (iii) when a nonsolvent is added to increase the interactions. In all these cases, superlattices that are known to be unstable for binary hard-sphere mixtures are formed, implying that van der Waals attractions become important.
We have studied the formation of superlattices starting from binary mixtures of PbSe and CdSe NCs, or PbSe and gold NCs. The effective diameter of the NCs was obtained from the center-to-center distance in transmission electron microscopy (TEM) pictures of the single-component facecentered-cubic (fcc) lattices. While we label our singlecomponent lattices fcc, from our experimental data we cannot distinguish between fcc, hexagonal close-packed (hcp), and random stackings of hexagonal planes. In the first case, the effective diameter of the PbSe NCs was varied between 7 and 11 nm, while that of the CdSe NCs was 5.8 nm; hence, the size ratio γ ranged from 0.53 to 0.83. In binary mixtures of PbSe and Au NCs, γ varied between 0.47 and 0.86. The size dispersion in the original suspensions was e5% for the PbSe and CdSe suspensions and about 10% for the Au NC suspensions. Nanocolloid crystallization by solvent evaporation was achieved under controlled pressure (∼10 mbar) and temperature (20°C e T e 70°C). The TEM substrate was tilted over an angle of 30°with respect to the liquid/air interface. Previous studies have shown that crystal nucleation occurs at the organic liquid/air interface. 9 Generally, colloidal crystallization leads to a polycrystalline thinfilm solid, with single-crystal domains between 1 and 10 µm in size. Examples are presented in Figures 1 and 3 , and in Supporting Information. We have analyzed the crystal structures that are present on the TEM grids and measured the relative surface area that they occupy on the grid. In several cases, the relative importance of a given crystal structure depends on the particle concentration ratio in the binary suspension. Addition of a nonsolvent that increases the van der Waals attractions leads to the formation of 3D singlecomponent superlattices that we collected by dipping a TEM grid in the suspension.
Phase Diagrams for Binary Hard-Sphere Mixtures. The self-assembled crystal structures on the TEM grids are compared with the phase diagrams as determined from free energy calculations using the Frenkel-Ladd Einstein thermodynamic integration in computer simulations for binary mixtures of hard spheres. [17] [18] [19] [20] Using this method, the freeenergy can be determined exactly and accounts for all entropic contributions. From the available theoretical predictions, the following conclusions can be drawn (Supporting Information, Section II): apart from the single-component fcc phases, for 0.414 e γ e 0.45, NaCl is stable; 17 Figure S1 . In contrast, solvent evaporation from a binary suspension of two semiconductor NCs, that is, large PbSe and smaller CdSe NCs (γ ) 0.53) at 70°C, leads to superlattice films that contain PbSe(CdSe) 2 structures and the single-component fcc phases. The PbSe(CdSe) 2 superlattice is isostructural with AlB 2 . Upon changing the particle concentration ratio of PbSe and CdSe NCs in the suspension, we found that the AlB 2 phases reach a maximum surface coverage of about 60% at a particle number concentration ratio of 10; this happens at the cost of the single-component phases (see Figure 2) . We remark that the binary PbSe(CdSe) 13 crystal structure is also observed, however with a low surface coverage that does not increase with increasing the particle concentration of the small CdSe NCs with respect to that of the large PbSe NCs, even up to a factor of 20. This provides strong evidence that at γ ) 0.53 and high T (70°C) the PbSe(CdSe) 2 AlB 2 structure is the only stable binary superlattice structure coexisting with the single-component crystal structures. This result is in accordance with the theoretical phase diagram of binary hard-sphere mixtures.
In the second size ratio range 0.54 e γ e 0.61, the theoretical phase diagrams of binary hard-sphere mixtures predict that the binary crystal structures AlB 2 and NaZn 13 are both stable. [17] [18] [19] Note that the latter is only stable at sufficiently high particle number ratio of small to large hard spheres. Solvent evaporation at high temperature (70°C) from suspensions that combine large PbSe and small CdSe semiconductor NCs with size ratio γ ) 0.56 results in NC films that show four different superlattices: the two fcc lattices, and the binary PbSe(CdSe) 2 AlB 2 and PbSe(CdSe) 13 NaZn 13 superlattices (Figure 1) . Electron tomography has shown that the PbSe(CdSe) 13 superlattices are genuine icosahedral NaZn 13 structures. 9 The effect of changing the particle number ratio is shown in Figure 2 . At a particle number ratio CdSe NC/PbSe NC below 4, the PbSe(CdSe) 2 AlB 2 structure is the most important binary crystal structure, reaching a maximum coverage at a particle number ratio of about 5. Further increase of the concentration of the small CdSe NCs results in an increasing importance of the PbSe(CdSe) 13 superlattice, reaching a maximum coverage of about 55% on the TEM grid. At a size ratio γ ) 0.59, there are still PbSe(CdSe) 2 AlB 2 domains present, but PbSe(CdSe) 13 NaZn 13 is the dominant binary NC superlattice for solvent evaporation at 70 and 20°C. These results show that for mixtures of two semiconductor nanocrystals, AlB 2 and NaZn 13 are the stable binary crystal structures for size ratios 0.54 e γ e 0.61, which is in agreement with the theoretical predictions for binary hard-sphere mixtures. [17] [18] [19] In contrast, solvent evaporation from binary suspensions that combine semiconductor PbSe NCs with metallic Au NCs results predominantly in single-component fcc lattices. Several binary crystal structures were observed, though with a minute coverage (e1%). The absence of substantial amounts of AlB 2 and NaZn 13 structures provides evidence that with metallic NCs entropy is not the only driving force in the formation of superlattices.
In the third range, 0.64 e γ e 0.75, the theoretical phase diagrams of binary hard-sphere mixtures show no stable binary structures (Supporting Information). Solvent evapora- tion at 70°C of suspensions that contain large PbSe and smaller CdSe NCs (γ ) 0.65 and 0.72) shows nanocrystal films that contain predominantly single-component lattices. Minute fractions of binary NC superlattices that contain CaCu 5 and MgZn 2 are also observed. Free-energy calculations show that CaCu 5 is not stable for this size ratio range (Supporting Information). At γ ) 0.73, however, the MgZn 2 becomes the dominant binary crystal structure, coexisting with the single-component fcc lattice and a minute fraction of CaCu 5 . If the concentration of the small CdSe NCs is increased with respect to that of the larger PbSe NCs, the MgZn 2 phase reaches a maximum surface coverage of 25% at around a particle concentration ratio CdSe NC/PbSe NC of 7. When the relative concentration of the smaller CdSe particles is increased further, the single-component CdSe superlattice becomes dominant. Strikingly, the PbSe(CdSe) 5 superlattice (CaCu 5 ) is only marginally present in the entire range of relative particle concentration, showing that this phase is very likely not thermodynamically stable. We conclude that PbSe(CdSe) 2 (MgZn 2 ) is a thermodynamically stable phase at γ ) 0.73, hence at a size-ratio slightly smaller than predicted by simulations (γ ) 0.76). 20 The same conclusion holds for a size ratio γ of 0.75. Using this combination of PbSe and CdSe NCs, we have also performed solvent evaporation experiments at temperatures below 70°C. In Figure 3 , typical overviews of the nanocrystal films formed at 70 and 20°C are presented. At 70°C, 95% of the binary structures consists of PbSe(CdSe) 2 (MgZn 2 ) with a minor fraction (5%) of PbSe(CdSe), isostructural with cubic CsCl. Solvent evaporation at 20°C, however, leads to a reduction of the MgZn 2 fraction (50-1% of the binary crystals, depending on the sample) and an increase of the CsCl structure (50-99% of the binary crystals). These results show that reducing the temperature leads to new structures that are not stable in the theoretical phase diagrams of binary hard-sphere mixtures. Hence, energetic interactions between the nanocrystals become important when the temperature is lowered.
Recent theoretical work has shown the Laves phases (MgZn 2 , MgCu 2 , MgNi 2 ,) to be stable in the size ratio range 0.76 e γ e 0.84. 20 In accordance with this prediction, the combination of PbSe and CdSe NCs at γ ) 0.79 and γ ) 0.80 leads to PbSe(CdSe) 2 superlattices with a MgZn 2 structure. However, this binary crystal structure constitutes only a small fraction of the NC film that consists mainly of singlecomponent lattices. Apart form the MgZn 2 structure, the other Laves phases were not observed. Indeed, a finite-size scaling analysis shows that the free-energy difference between the three Laves structures is small, but that MgZn 2 has the lowest free energy in the thermodynamic limit. 20 In 
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accordance with this, using a combination of CdTe and CdSe NCs, Chen et al. observed the MgZn 2 phase at γ ) 0.81. 8 We remark that with mixtures of micrometer-sized hard spheres, Laves phases have not been observed yet. The combination of metallic Au NCs with PbSe NCs results in NC films with an important contribution of CsCl (up to 30%) in coexistence with the single-component phase. Free energy simulations show that this structure can only be stabilized if interparticle interactions are incorporated. Colloidal Crystallization by Addition of a Nonsolvent. Adding a nonsolvent leads to increased van der Waals attractions between the NCs, inducing colloidal crystallization even at low particle concentration. We have studied the crystal structures that were formed in binary mixtures of large PbSe and small CdSe NCs, and large PbSe and small Au NCs in hexane to which butanol was added as a nonsolvent. The experiments were performed in a broad size ratio range 0.53 e γ e 0.98. Binary crystal structures were never observed. Instead, 3D colloidal crystals consisting exclusively of the larger NCs were formed as confirmed by TEM-EDX analysis (see Supporting Information, Figure S2 ).
Discussion. A summary of the observed crystal structures compared with the theoretical results for binary hard-sphere mixtures is presented in Figure 4 . The binary NC superlattice structures PbSe(CdSe) 2 iso-structural with AlB 2 , PbSe(CdSe) 13 iso-structural with NaZn 13 , and PbSe(CdSe) 2 iso-structural with MgZn 2 obtained from binary mixtures of organically capped semiconductor NCs in a good solvent at sufficiently high temperature are as expected on the basis of binary hard-sphere phase diagrams. Similar results were obtained by Chen et al., who combined CdTe and CdSe NCs. 8, 10 Unlike the latter, we have also investigated the effect of changing the particle concentration ratio in the suspension. We find that, for each of the three stable binary structures, the relative importance in the film depends on the composition of the initial suspension. For instance at γ ) 0.53, the importance of the stable PbSe(CdSe) 2 structure increases to a maximum at a particle concentration ratio CdSe/PbSe of 10, this happens at the expense of the PbSe fcc structure. At higher CdSe/PbSe ratios, the importance of the binary structure decreases, and the fcc CdSe lattice becomes the dominant structure. Such a correlation between the composition of the suspension and the stoichiometry of the film forms a landmark for true equilibrium structures. Combining two types of semiconductor NCs at high temperature, we did not observe any dominant crystal structure that is in flagrant disagreement with the theoretical predictions for binary hard-sphere mixtures. It should be realized that the contribution due to the van der Waals interactions (see Supporting Information, Sections II and III) between the NCs can become important to the free-energy when the conditions for self-organization are slightly changed. For instance, while at 70°C the combination of PbSe and CdSe NCs leads to the formation of the MgZn 2 binary superlattice in agreement with the hard-sphere phase diagrams, lowering of the temperature leads to a gradual increase of the CsCl structure that is not stable for binary hard-sphere mixtures. Second, when one of the particles is metallic, the van der Waals attractions are increased, and several binary crystal structures are observed that can only be stabilized by energetic interactions (see Figure 4 , PbSe and Au NCs). In line with this, we also found that a gradual increase of the interactions between the nanocrystals induced by adding a nonsolvent leads solely to single-component crystal structures. We should remark here that the somewhat larger size polydispersity of the Au NC suspension (10%) is not expected to have a strong influence on the type of superlattices that are formed. First, a polydispersity of ∼8% can still be tolerated in an fcc lattice, 22, 23 and we expect that this also holds for the hard-sphere binary superlattices since they have a similar filling fraction. If, however, the polydispersity exceeds ∼8%, fractionation into different fcc phases is predicted. We did not observe this. The only apparent effect of the 10% polydispersity was the increased occurrence of disordered regions, possibly composed of the particles that were not fitted in the main fcc and binary superlattices.
Our work shows that under certain conditions, that is, two types of semiconductor NCs in a good solvent at high temperature, the formation of binary nanocrystal superlattices is driven by an increase in entropy. When these conditions are not fulfilled, interactions must be taken into account to understand the resulting superlattices. Our findings are of importance for the design of novel 3D nanostructured materials from the huge variety of nanocolloids now available. It is clear that if colloidal crystallization is driven solely by entropy, the resulting binary superlattice structures are determined only by the size-ratio of the nanocrystals and the relative particle concentrations in the suspension. This simplicity opens avenues to the rational design of twocomponent nanostructured semiconductors. These systems hold promise for novel types of miniaturized transistors, thermoelectric materials, and photovoltaics.
Methods. PbSe NCs were synthesized by a method described by Houtepen et al. 24 The synthesis was performed in a water and oxygen free environment. (1) A 1.9 g sample of lead acetate trihydrate (99.999% Aldrich), 4 mL of diphenyl ether (99% DPE, aldrich), 3 mL of oleic acid (OA, 90% Aldrich), and 16 mL of trioctyl phospine (TOP, 90% Fluka) were heated to 100°C under low pressure (10-3 bar) for ∼3 h. (2) A second mixture containg 0.31 g of Se (99.999% Alfa Aesar) and 4 mL of TOP was prepared. Subsequently 11.5 mL of solution (1) and 1.7 mL of solution (2) was injected into 10 mL 190°C DPE. The reaction mixture was kept at a constant temperature of 145°C. After 30 s to 10 min the reaction mixture was quenched with 20 mL butanol and 10 mL methanol. The crude synthesis mixtures were washed twice by precipitating with methanol, centrifugation, and redispersion of the sediment in toluene.
CdSe NCs were synthesized by a method described by de Mello Donega et al. 25 The synthesis was performed in a water-and oxygen-free environment. A 0.79 g sample of selenium (99.999% Alfa Aesar), 0.28 g of dimethylcadmium (99.99% ARC Technologies), and 10 mL of TOP (96% Aldrich) was prepared. The solution was injected into a mixture of 20 g of dried trioctylphospineoxide (TOPO, 99% Aldrich) and 10 g of hexadecylamine (HDA) at a temperature of ∼300°C, resulting in a temperature drop to ∼170°C. The temperature was raised and stabilized to the desired growth temperature of 240°C for 30 min, resulting in nanocrystals with a diameter of approximately 3 nm. The synthesis mixtures were washed twice by precipitating with methanol, centrifugation, and redispersion of the sediment in toluene.
Au NCs were synthesized by a method described by Brust et al. 26 The synthesis was performed at room temperature in ambient environment. (1) A 0.27 g sample of HAuCl 4 (99.9%, Aldrich) was desolved in 22.29 g of ultrapure water. (2) A second mixture of 1.90 g of tetraoctylammonium bromide (TOAB, 98%, Aldrich) dissolved in 60 g of toluene (99.8%, Aldrich). 5.3 mL of (1), and 14.8 g of (2) were mixed and stirred vigorously. A third stock solution (3) was prepared by adding 0.076 g of sodium borohydride (98%, Aldrich) to 4.86 g of ultrapure water. Subsequently (3) was rapidly injected in the mixture of (1) and (2). The solution was stirred for ∼18 h and afterward 75 µL of 1-dodecanethiol (g97%, Fluka) was added to the mixture. The sample was washed twice by precipitating with ethanol, centrifugation, and redispersion of the sediment in toluene.
Superlattice formation was achieved by mixing two colloidal suspensions, either PbSe or CdSe or PbSe and Au NC suspensions. The concentration ratio and temperature were varied. Colloidal crystallization was achieved on a TEM grid that makes an angle of 30°with the suspension surface, evaporating the solvent at a temperature of 70°C under reduced pressure (∼10 mbar). Additional TEM and SEM images of the obtained superlattices including novel superlattice structures. Elaboration of the used hard-sphere theory and a theoretical study of the parameters influencing the binary self-assembly. This material is available free of charge via the Internet at http:// pubs.acs.org. 
II. BINARY HARD SPHERE MIXTURES A. Summary of Theoretical Results
In Table 3 we list all the binary crystal structures which are predicted to be stable in the phase diagrams of binary hard-sphere mixtures obtained from full free-energy calculations for various size ratios γ = σ S /σ L where σ S,L is the diameter of the small and large hard spheres, respectively [1] [2] [3] [4] [5] [6] . 
B. Binary Hard-Sphere Mixtures Theory
From thermodynamics, the Helmholtz free energy F of a system consisting of N particles in a volume V , and at temperature T is given by
where U is the potential energy, and S is the entropy. For a system consisting of hard spheres the pair potential is given by
where r ij is the distance between particles i and j, and σ i is the diameter of particle i. Since the Boltzmann weight is zero for configurations that contain particle overlaps, the free energy is determined solely by the entropy. (The potential energy contribution to the free energy for all configurations without overlaps is simply zero, hence only the entropic term is left.) One method of calculating the exact free energy for a general system, such as hard-sphere mixtures, is thermodynamic integration. In this case, it is assumed that there exists a reference system for which we can calculate the free energy analytically. For example, for liquids often the ideal gas is used and for crystals, the Einstein crystal can serve as the reference system. If the potential energy of the reference system is given by U R and the potential energy of our true system of interest is denoted U T then it is possible to define a new (fictitious) potential energy
which is now a function of a coupling parameter λ, which varies between 0 and 1. Note that this function has the property that when λ = 0 it reduces to our system of interest, and when λ = 1 it reduces to the reference system. The free-energy difference between the reference and the system of interest can be determined exactly, see Ref. 7 , and is given by
Thus, to calculate the free energy exactly we simply need to determine ∂U (λ)/∂λ λ as a function of λ. Such an average can be determined using a Monte Carlo simulation. Additionally, after the Helmholtz free energy is known, all other relevant thermodynamic quantities (such as the Gibbs free energy) can then be obtained. Once the free energies are known, techniques such as common tangent constructions are used to determine the phase diagrams, and thus, the stability of various candidate phases. Such methods make use of the fact that the temperature, pressure and chemical potential of all the species must be equal in the coexisting phases when the system is in thermodynamic equilibrium. Equivalently, the system always chooses the state with the lowest total Gibbs free energy. Specifically, the system will choose a linear combination of phases such that the total Gibbs free energy is minimized.
C. Stability of CaCu5
To study the stability of the CaCu 5 structure as a candidate crystal structure for a binary hard-sphere system we first examined the maximum packing fraction of the structure as a function of the size ratio γ of the particles. A plot of the maximum packing fraction is shown in Fig. S5 .
From Fig. S5 we notice that CaCu 5 is most likely to be stable for a size ratio range 0.64 − 0.70 as the highest possible packing fraction lies within this range. In order to determine whether or not CaCu 5 is stable, we calculate the Gibbs free-energy of CaCu 5 and compare it with that of phase separated single-component fcc crystals. To calculate the Gibbs free energy of CaCu 5 we used the Frenkel-Ladd Einstein integration method as described in Ref. 8 and in Sec. IIB. For the single-component fcc crystals we used the free energy expressions from Ref. 9 . For size ratios 0.64, and 0.70, we find that the phase separated fcc phase has a lower Gibbs free energy than that of the CaCu 5 structure, indicating that CaCu 5 is not thermodynamically stable for binary hard-sphere mixtures.
III. INTERACTIONS
In order to make predictions for the phase behaviour of complex fluids, one often resorts to simplified models in which the degrees of freedom of the microscopic species (solvent, polymer) are formally integrated out so that the macroscopic constituents interact via effective interactions. This is a well-trodden pathway in statistical physics and has been applied successfully in colloidal science [1, [10] [11] [12] . By integrating out the degrees of freedom of the microscopic species in the partition function, one can derive a formal expression for the effective Hamiltonian for the macroscopic species, which include many-body interactions. If the effective pair interactions are sufficiently short-ranged, three-and higher body effective interactions can be neglected and pairwise additivity of the effective pair interactions can be assumed. In the case examined in this paper, particularly in the case of semiconductor nanoparticle mixtures, both the steric interaction and the screened Van der Waals interactions, are short ranged. As a result, pairwise interaction potentials are expected to be a good first approximation for the effective interaction between nanoparticles. In this section, we consider a pairwise potential consisting of a contribution from a Van der Waals (VdWs) interaction between the cores, a steric interaction between the capping ligands, and a hard-sphere replusion between the cores. The effective potential is given by
where r ij is the distance between the center of mass of two nanoparticles i and j, σ i is the diameter of particle i, V HS (r ij , σ i , σ j ) is given by Eq. 2, β = 1/k B T , k B is Boltzmann's constant and T is the temperature. We assume that the Van der Waals interaction between the capping layers can be neglected for a monolayer protected nanocrystal in a good solvent.
A. Van der Waals
The Van der Waals interaction between two core-shell particles labelled i and j at distance r ij with diameters σ i(j) and Hamaker constant A is given by [13, 14] βV vdw (r ij , σ i , σ j ) = − βA 12
where
For the Hamaker constant, we consider gold-gold interactions, gold-semiconductor interactions, and semiconductorsemiconductor interactions. For the gold-gold interaction we let A=3 eV. We note that values for the gold-gold interaction are found between approximately 1.1 and 3 eV [15] [16] [17] [18] , where we note that some of the literature has used the fact that the gold-gold Hamaker constant is approximately equal to the silver-silver Hamaker constant. The CdSe-CdSe Hamaker constant across a hydrocarbon layer is approximately 0.3 eV [19] . We assume that this value is general for semiconductors. The semiconductor-gold interaction can be derived (approximately) from these interactions using the relation [15] A 12 ≈ √ A 1 A 2 . Note that we assume no temperature dependence of the Hamaker constant. For a more complete discussion of the Hamaker constant, see Ref. 15 .
B. Steric Interactions
To model the steric interaction, we use the Alexander-de Gennes model [15] . This model approximates the interaction between plates with an absorbed polymer layer in a good solvent with a high coverage of the polymer capping molecules. To transform this interaction between plates to an interaction between spheres of diameter σ i and σ j we use the Derjaguin approximation [15] . The resulting interaction between the spheres is given by where x ij = D ij /(2L), r c = (σ 1 + σ 2 )/2, s is the mean distance between attachment points of the capping ligands (which we refer to as the ligand distance for the remainder of this paper) and L is the thickness of the capping layer.
Here we have made the further approximation that the interaction length and ligand distance of the capping layer are the same for all nanoparticle mixtures. In reality, the ligand distance and thickness of the capping layer can be different between the various semiconductor and gold nanoparticles.
C. Study of Parameters
In this section we study the effect of particle radius, capping ligand distance and capping layer thickness on the effective semiconductor-semiconductor (SC-SC), gold-gold (Au-Au), and semiconductor-gold (SC-Au) interactions.
The various nanoparticles examined in this paper are capped with either dodecanethiol, or a combination of dodecathiol and oleic acid. The interaction length of dodecanethiol on a silver nanoparticle is L ≈ 1.5 nm [20] . Oleid acid should have a slightly shorter interaction range. For the capping ligand distance, Ref. 20 measures a mean distance of s ≈ 0.43 nm between the dodecanethiol ligands on a silver nanoparticle. Using these parameters we plot the effective SC-SC, Au-Au, and SC-Au interactions as a function of size ratio (Figs. S6, S7 , and S8). We observe that since the VdWs interactions between the nanoparticles are weaker for smaller particles, the steric screening is generally more effective for the smaller particles. Similarly, the weaker VdWs interactions for SC-SC mixtures also result in more effective steric screening as compared to the SC-Au and particularly, Au-Au mixtures. In all cases, the effective interaction displays a strong short-range repulsion and longer-ranged, weak attraction of less than 3 k B T .
In Figs. S9, S10 and S11, the effect of temperature on the various interaction types is examined. In all cases, the steric interaction screens the VdWs interactions better at higher temperatures. However, the temperature dependence of the screening is almost negligible in the SC-SC interactions which are well screened even at low temperature: the difference between the attraction over the full range of temperatures studied (150-390 K) is much less than 1 k B T . In contrast, over the same temperature range, the attractive well of the Au-Au effective interactions ranges between approximately 2 to 6 k B T indicating a much stronger role of temperature in the Au-Au interactions.
The effect of the capping layer thickness is examined in Figs. S12, S13, and S14. In general, the screening of the VdWs interactions is improved by increasing the capping layer thickness, however, the effect is much less important in the case of SC-SC interactions. While the variation of the attractive well for the SC-SC interactions is less than 0.5 k B T in all cases, in the case of Au-Au effective interactions the well depth can be tuned from approximately 1 to 8 k B T by varying the capping layer thickness between 2 and 1 nm. Additionally, the effective particle size is strongly effected by the thickness of the capping layer.
Finally, in Figs. S15, S16, and S17 the effect of ligand distance s is examined. Specifically, the effective interactions for SC-SC, Au-Au, and SC-Au nanoparticles is plotted for mean distances between ligand molecules between s = 0.3 − 0.5 nm. In general, the distance between the ligand molecules effects the softness of the short-range repulsion, but has no other significant effect in all cases.
In summary, the SC-SC effective interactions have little dependence on the capping layer details, with only slight variations in the softness of the short-range repulsion and attractive well depths never exceeding 1 k B T over the complete range of parameters examined. Thus, in all cases it appears that the SC-SC interactions are well modelled by a hard-core repulsion, where the only relevant parameters are the relative size ratio between the radius of the particles and the composition of the mixture. The effective length of the capping ligands will effect the relative size ratio between the particles.
In contrast, the temperature, capping layer thickness, and particle size are found to largely effect the Au-Au effective interactions, and to a much smaller extent, the SC-Au interaction. Thus, in modelling SC-Au, or Au-Au mixtures, the details of the ligand coating is expected to be important in determining effective interactions, and, as a result, the resulting phase behaviour of the system. FIG. S7: Effective interactions between two gold nanoparticles for particle diameters as labelled with Hamaker constant A = 3 eV, capping layer thickness L = 1.5 nm, and ligand distance s = 0.43 nm at room temperature (T = 300 K). FIG. S14: Effective interactions between a 10 nm semiconductor nanoparticle and a 10nm gold nanoparticle for capping layer thicknesses L as labelled with Hamaker constant A = √ 3 * 0.3 eV, and ligand distance s = 0.43 nm at temperature T = 300 K. 
